The drag and diffusion coefficients of heavy quarks propagating through quark gluon plasma (QGP) have been estimated by shielding both the electric and magnetic type infra-red divergences. The electric type screening in perturbative quantum chromodynamics (pQCD) has been widely studied and used in evaluating the diffusion coefficient of heavy quarks (HQs). To our knowledge the impact of magnetic screening in diffusion coefficients of HQs is not studied before. It is found that the effect of magnetic screening mass on the drag and diffusion coefficients of HQs is quite significant and its contribution should not be ignored for explaining the experimental data of heavy quark observables.
I. INTRODUCTION
The main aim of the experimental heavy ion collision program at Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) is to create and characterize quark gluon plasma (QGP), a state of matter where the properties of the system is governed by the deconfined quarks and gluons. Several probes have been proposed to characterize QGP [1, 2]. Among those signals, heavy quarks (HQ) [3] [4] [5] [6] [7] [8] are considered as promising probe of QGP because:(i) HQs (QQ) are mainly created in the primary collisions of partons as production of heavy objects in secondary collisions at the late stage of the evolution becomes improbable due to lack of threshold energy and (ii) the survivability of a Q (orQ) during the entire evolution of the QGP is high compared to the light partons because it is difficult for the Q (Q) to find aQ (or Q) in the bath to annihilate with, as they are thermally suppressed by a factor ∼ exp(−m/T ) (since T /m << 1, where T is the temperature of the QGP and m is the mass of the HQs). Therefore, the HQs witness the entire evolution of QGP -from its creation to hadronization and hence it is a useful tool to probe the properties of QGP. While propagating through QGP the HQs created with high momentum interact with its constituents i.e. light quarks and gluons and gets slowed down as its momentum gets diffused in the medium. The momentum diffusion of the HQs gets reflected through the suppression of its momentum distribution. Two quantities: the nuclear suppression factors and the elliptic flow [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are capable of estimating the momentum diffusion coefficients of of HQs. Therefore, it is crucial to accurately estimate the diffusion of HQs by including as many physical processes [3, 5, 21, 22] as possible which affects the HQs in the bath. Several advances have been made, over the years, to evaluate diffusion coefficient with realistic Debye mass and running coupling [5, 12, 14, 23] to improve the description of the data. In this context we attempt to include the screening of color magneto-static interaction in the evaluation of drag and diffusion coefficients.
The paper is organized as follows. In the next section we define the drag and momentum diffusion coefficients. In section III the effects of magnetic screening on the shift in pole of the gluon propagator is outlined. Section IV is devoted to present the results on drag and diffusion coefficients. The summary and conclusions is presented in section V.
II. DRAG AND MOMENTUM DIFFUSION COEFFICIENTS
The dynamics of heavy quarks in quark-gluon plasma (QGP) composed of thermal light quarks and gluons at temperature T can be modeled by Fokker-Plank (FP) equation [24, 26] 
where f is the heavy quark distribution function and p is the momentum. The kernels, A i and B ij are related to the drag and diffusion coefficients which are required as inputs along with the initial and boundary conditions to solve the FP equation. The A i is defined as:
where g Q is the degeneracy factor, p is the initial momentum and p ′ is the momentum after the scattering of the HQs with the bath particles,f (q) is the thermal distributions of light quark or gluon. The quantity, A i is basically the change in momentum of the HQ weighted by the interaction (through |M | 2 ) i.e. it is the change in momentum due to its interaction with the particles in the bath, known commonly as drag. The other kernel, B ij is given by
Similar to A i , the quantity B ij is the average change in the quadratic power of the exchanged momentum due to its interaction with the particles in the medium, known as diffusion coefficient. The above two kernels can be decomposed as
where the coefficients, A, B 0 and B 1 are given by
The drag(γ) and diffusion (D) coefficients are defined as A i = γp i and B ij = Dδ ij in the limit p → 0. It is clear from the above expressions that we need to evaluate the thermal average, denoted by << . >> (weighted by the interactions) of the some combinations of function of p and p ′ . In the center of momentum frame the quantity, << F (p ′ ) >> can be written as:
In the above equation, p ′ can be expressed in terms of p and q, s is the Mandelstam variable defined as s = (E p + E q ) 2 − ( p − q) 2 . In Eq. 13 m is the mass of heavy flavor. We have taken masses of the light flavours as zero. |M | 2 is the scattering matrix elements for the possible pQCD process as shown in Fig. 1 . The amplitude for the processes displayed in Fig. 1a and Fig. 1d is infrared divergent. To regulate it, a mass (usually Debye screening mass [25] ) is introduced [26] , which basically rejects amplitudes at small angle scattering. The integral in Eq. 13 can be written as [26] :
The integral over φ cm is trivial and the remaining three dimensional integral can be evaluated numerically.
It is well known that the non-abelian gauge theories like QCD admits monopole like field configuration, therefore, in a thermal system the monopole-antimonopole excitations can screen the color magnetic interactions. In the present work we include such screening effects to estimate the drag and diffusion coefficients. This will affect the matrix elements of the processes shown in Fig. 1a and Fig. 1d .
III. COLOR MAGNETO-STATIC SCREENING EFFECTS OF DIFFUSION OF HQS
The inclusion of magnetic screening in evaluating the drag and diffusion coefficients perturbatively can be achieved by shielding the infra-read divergences appears through the exchange of gluons in the t-channel process. It is well known in quantum field theory that the infrared divergences occur when a massless particle is exchanged in the t (or u) diagrams. These divergences can be cured by taking the hard thermal loops (HTL) [27] approximations, where divergences can be cured by taking the electric screening mass, in this sense, HTLs are 'electric type'.The HTL effective action gives a gauge-invariant definition of electric screening mass and incorporate the electric screening in a systematic way in perturbative expansion. The perturbation also contains "magnetic type" divergences, which can be cured by taking the magnetic screening mass to screen the magneto-static interactions [28] . Non-Abelian gauge theories has thermally excited magnetic monopole like field configuration. The presence of monopole and antimonopole in the plasma screens the magnetic interactions similar to the screening of electrostatic interactions [29] .
The qualitative origin of magnetic mass in high temperature gauge theory can be explained (see [29] for example) as, in Eucliden field theory, the Matsubara frequency ω n = 2πnT , the temporal component of the gauge field can be expanded as
The modes having non-zero Matsubara frequencies will be insignificant at high temperature and also the modes having wavelength long compared to 1/T do not contribute substantially. Hence, the theory comprises only the Matsubara 'zero mode' and effectively the theory becomes a 3D Yang-Mills theory. Yang-Mills theories in 3D (or (2+1)D in Wick rotated version) are expected to have a mass gap, at high temperature, this mass gap represents the magnetic mass of the (3+1)-dimensional theory [30] whereas the non zero Matsubara modes (ω n = 0) will give some small correction to the magnetic mass.
Self-consistent solution of gap equation upto one loop order [31, 32] leads to the following expression for the magnetic mass (m mag ):
where g is the (3+1) dimensional coupling. There are some ambiguities about the value of magnetic mass of gluon depending on the different methods used in the perturbative and non-perturbative calculations. Several perturbative calculations estimates zero magnetic mass of gluon to an accuracy of g 3/2 T [33] . Several authors obtained different value m mag . For example while m mag ∼ g 2 T is obtained in [30, [34] [35] [36] [37] , m mag ∼ g 2/3 T and m mag = 0 has been quoted in [38] and [39] respectively depending on different non-perturbative methods used in evaluations. There are some non-perturbative estimations from lattice QCD based calculations [40] which gives m mag = (0.24 − 0.27)g 2 T and 0.255g 2 T [41] . Some recent lattice QCD based calculations of the magnetic mass of gluon gives m mag ∼ (0.4 − 0.6)g 2 T [42] [43] [44] [45] . Earlier, the magnetic contribution on heavy-flavor jet energy loss was investigated by incorporating magnetic mass of gluons in Refs. [46] [47] [48] [49] , where it has been shown that the incorporation of magnetic mass enhances the energy loss of jets propagating through dynamical QCD medium and the magnetic contribution is smaller than the electric contribution(i.e. only Debye mass taking into account to screen the infrared divergences) but the two types of masses contribute at O(g 2 ).
A. Debye mass upto next-to leading order(NLO)
The value of magnetic mass of gluon vanishes at the one-loop level (O(g) ) [38] and it is non-zero in NLO (O(g 2 )), as discussed above. Therefore, in order to compare the contribution of magnetic mass, we should also consider electric 
where c N is purely non-perturbative correction and is given by c N = 1.58 ± 0.20 for SU(2) and c N = 2.46 ± 0.15 for massless quarks [51] . Defu et al [52] estimated the NLO contribution to m D as:
where α s = g 2 /4π, N f is the number of flavour and m 0D is the LO contribution of the Debye mass of SU(N) non-Abelian theory and it is given by
Therefore, the total contribution to screening mass (both electric and magnetic) upto NLO contribution is:
In this work, we will use the value of Debye mass upto NLO as given in Eq.20. In the present work, we investigate the effect of non-zero magnetic mass of gluons on the drag and diffusion coefficients of HQs while it is moving through the QGP. We have taken the value of magnetic mass as 0.4 < m mag /m D < 0.6, [42] [43] [44] [45] , where m D is the Debye mass of gluons. If we include the magnetic masses of the gluons, then the pole mass of gluon will be m ′ ≡ m 2 D + m 2 mag (m ′ is now used to regulate or screen the infrared divergence). This will modify the scattering amplitudes [53] and hence the cross-sections of the different scattering processes.
B. Scattering matrix elements
The inclusion of magnetic mass of gluons will change the matrix elements of diagrams Fig. 1a and Fig. 1d as these diagrams contain gluon propagator. Other diagrams will be unaffected. The relevant amplitudes of the processes displayed in Fig.1 are quoted below.
and for light quarks (u and d) scattering we have,
where m mag /m D ≡ x and 0.4 < x < 0.6 [46] .
IV. RESULTS AND DISCUSSION
The drag and diffusion coefficients of QGP can now be estimated by using Eqs. 12 and 14 and amplitudes taken from section III.B for various processes. We have taken x = 0.4 for generating the results presented here. In Fig. 2 the variation of drag with momentum (p) of the heavy quark for different values of T are displayed for strong coupling, α s = 0.2. It is clearly seen that the drag reduces due to the inclusion of magnetic screening effects. Because of the screening of the the forward (θ → 0) interaction cross section of the HQs with the light particles of the thermal bath. The reduction in drag is more for higher T (left panel of Fig. 2 ) and higher α s (right panel of Fig. 2 ). Fig. 3 depicts the temperature variation drag for various values of p (left panel) and α s (right panel). The effects of the magnetic screening is noticeable. The change in darg is about 23% at T = 250 MeV around p ∼ 0 for α s = 0.3.
In Fig. 4 the variation of the diffusion coefficients with p is presented for different values of T (left panel) and for different values of α s (right panel). Fig. 5 depicts the temperature variation of diffusion coefficient for various values of p (left panel) and α s (right panel). Similar to drag coefficient, momentum diffusion coefficient reduces due to the magnetic screening. The reduction is more at higher p and T because at higher T , δm D is larger which suppresses the interaction cross section more. The momentum diffusion coefficient is a measure of the squared average momentum transfer in a collision. In terms of spatial diffusion coefficient D s [54, 55] , defined as
we will get enhanced D s due to magnetic screening. For a approximate estimation, if we express nuclear modification factor R AA ∼ e −γ∆τ where ∆τ is the duration of the QGP phase [56, 57] , then we can get an estimation for percentage change in R AA due to magnetic screening. Considering an average drag γ W O = 0.036+0.085 2 = 0.06 fm −1 without magnetic screening and γ W = 0.023+0.053 2 = 0.038 fm −1 with magnetic screening for α s = 0.3, p = 0 within the temperature range T = 0.250 − 0.400 GeV, we can obtain the percentage change in R AA defined as × 100% ≈ 14.4% enhancement due to magnetic screening. Therefore, we conclude that magnetic screening reduces the heavy quark suppression. The magnetic screening needs to be considered in theoretical calculations while analyzing experimental data because in dynamical QCD magnetic screening is inevitable. Detail calcualtion including the hydrodynamic evolution of the QGP should be done to estimate its effect which is beyond the scope of the present work where we have provided a back-of-the-envelop estimate.
The shear viscosity, η ∼ n < p > λ, is interpreted as the ability of transferring average momentum < p > over a distance of magnitude mean free path (λ) in a medium with particle density n. Therefore, the momentum diffusion will be related to shear viscosity [58] . Therefore, the magnetic screening will affect the shear viscosity which can be measured through the elliptic flow of produced particles in heavy ion collisions. The impact of magnetic screening on other transport coefficients like shear, bulk viscosities, thermal and electrical conductivities of quark gluon plasma and its effects on heavy ion phenomenology might be considered in future.
V. SUMMARY AND CONCLUSION
In this work we have incorporated the magnetic mass of gluons apart from the electric screening mass, which is used to regulate the infrared divergence occurring in the processes involving the gluon propagator in the tree level t channel diagrams. The effects of the magnetic screening on the transport coefficients (drag and diffusion) of HQs in QGP have been studied. It has been observed that the magnetic screening affects the transport coefficients significantly. The reduction in drag and diffusion coefficients of HQs will be reflected in the experimentally measured quantities like the suppression of high momentum heavy flavored hadrons and in the elliptic flow of these hadrons. Within the temperature range T = 0.250 − 0.400 GeV, our results show approximately 38 − 36% reduction of drag coefficient of charm quark due to magnetic screening. Roughly considering the exponential suppression probability of charm quark with an average (over the fireball life time) drag, we have found approximately 14.4% enhancement of nuclear suppression factor due to magnetic screening effect. Hence, for completeness, along with other effects, the magnetic screening should be considered while contrasting theoretical analysis with experimental data of heavy quark suppression to reliably characterize QGP. It will be interesting to see the impact of magnetic screening which is inevitable in dynamical QCD on other transport coefficients like shear, bulk viscosities and thermal, electrical conductivities of quark gluon plasma.
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